Electron crystallography offers an increasingly viable alternative to X-ray crystallography for structure determination, especially for membrane proteins. The methodology has been developed and successfully applied to 2D crystals; however, well-ordered thin, 3D crystals are often produced during crystallization trials and generally discarded due to complexities in structure analysis. To cope with these complexities, we have developed a general method for determining unit cell geometry and for merging electron diffraction data from tilt series. We have applied this method to thin, monoclinic crystals of Ca 2 -ATPase from sarcoplasmic reticulum, thus characterizing the unit cell and generating a 3D set of electron diffraction amplitudes to 8 A Ê resolution with tilt angles up to 30
Introduction
Over the last decade, there has been considerable progress in the methods of electron crystallography and, as a result, there has recently been dramatic success in structure determination from twodimensional (2D) crystals at atomic resolution (Henderson et al., 1990; Kimura et al., 1997; Ku È hlbrandt et al., 1994; Nogales et al., 1998) . These methods are particularly well suited for membrane proteins, because they are naturally constrained to the 2D surface of the membrane. Given the extreme dif®culty in growing large, three-dimensional (3D) crystals of membrane proteins suitable for X-ray crystallography, electron crystallography of 2D crystals may offer the best hope for obtaining the atomic structure of many membrane proteins.
Thin, 3D crystals represent an alternative crystal morphology that is frequently obtained during crystallization trials, but is seldom employed for structure determination. Often, these platelets correspond to type I (Michel, 1983) or multilamellar crystals in which each layer resembles a 2D crystal. Because they are usually composed of a small number of layers, such crystals are unsuitable for X-ray crystallography and the few attempts at electron crystallographic structure determination have sooner or later been abandoned, due to the extra complications in characterizing the unit cell and in managing the data. In particular, the geometry of lamellar stacking must be accurately determined and, in the worst cases, this stacking turns out to be irregular. As in any 3D crystal, the number of layers is variable, but with a small number of unit cells the sampling function is strongly dependent on the precise thickness. On the other hand, the increased number of unit cells and the extra crystalline constraints imposed by stacking often result in much stronger diffraction from thin, 3D crystals relative to 2D crystals. Ca 2 -ATPase from skeletal sarcoplasmic reticulum offers a good example of thin, 3D crystals (Taylor et al., 1988) and produces electron diffraction to $3.5 A Ê resolution (Shi et al., 1995) . The requirement for saturating concentrations of calcium suggest that Ca 2 -ATPase adopts the conformation known as E 1 Á Ca 2 in these crystals (Stokes & Lacapere, 1994) , in which calcium binding to transport sites has activated the nucleotide site for phosphorylation by ATP (MacLennan et al., 1997) . Thus, these crystals represent one of the key conformational intermediates that couples ATP hydrolysis to calcium transport and a structural comparison with Ca 2 -ATPase in the absence of calcium (E 2 conformation) would be very informative. Indeed, this E 2 conformation is most likely represented by a recent structure at 8 A Ê resolution (Zhang et al., 1998) . This structure was determined from 2D crystals within the sarcoplasmic reticulum membrane that, in favorable conditions, produce long, thin tubules with helical symmetry (Toyoshima et al., 1993) . The resulting helical reconstruction revealed the arrangement of transmembrane and stalk helices and suggested a particular path for calcium during active transport. Thus, structure determination of the E 1 conformation from thin, 3D crystals has the potential both to improve this resolution and to reveal the conformational dynamics that couple this transport to ATP hydrolysis.
So far, these 3D crystals have been shown to comprise an ordered stack of lamellae, which conform to the C2 space group (Stokes & Green, 1990b; Taylor et al., 1988) . The individual lamellae consist of a mixed bilayer of lipid and detergent with Ca 2 -ATPase molecules protruding from both sides of this bilayer ( Figure 1a ). Lamellar stacking is mediated by the cytoplasmic domains of Ca 2 -ATPase and attempts to produce 2D crystals have failed (Misra et al., 1991; Shi et al., 1995) ; in fact, these attempts provide circumstantial evidence that stacking is essential to crystal nucleation. Symmetry and unit cell dimensions within the lamellar plane have been documented in images and in electron diffraction patterns from thin, plate-like crystals (a 166.4 A Ê and b 55.7 A Ê ), whereas small, cylindrical crystals grown under slightly different conditions have been used to measure unit cell dimensions normal to the lamellae (Cheong et al., 1996; Ogawa et al., 1998) . Unlike large, thin plate-like crystals, these small cylindrical crystals lie with the lamellar plane perpendicular to the carbon support, thus offering a direct view of the lamellar axis. However, the stacking of lamellae was observed to change in response to growth conditions, leaving considerable doubt whether these observations were relevant to platelike crystals.
Here, we have recorded tilt series of electron diffraction from the large, plate-like crystals and have developed methods for determining the unit cell geometry. These methods are analogous to determining the space group from X-ray oscillation photographs, though with several unique practical (Table 1) . The orientation of molecules in the diagram is consistent with previous work (Cheong et al., 1996) and with the (h, k, 0) projection map in Figure 9 . b, Our coordinate system is de®ned with the (x-y) plane coincident with the a-b (lamellar) plane of untilted crystals and with the z axis parallel to the electron beam. Because the angle b T 90 , c and a* axes are inclined relative to z and x axes, respectively. The 2-fold axis constrains b and b* to be colinear. c, Fourier intensities along the c* axis are sampled by sinc functions, which depend on the number of lamellae (i.e. the number of unit cells along the c axis). The three sinc functions shown correspond to 3, 6, and 20 unit cells as indicated.
constraints. Electron diffraction data were then successfully combined to 8 A Ê resolution with $30 of maximum tilt. This appears to be the ®rst time that 3D electron diffraction data have been merged from a 3D protein crystal. Finally, our knowledge of the unit cell was used to obtain images of the (h, k, 0) projection. Phases from these images have been combined with electron diffraction amplitudes to generate the ®rst true (h, k, 0) projection map of these multilamellar Ca 2 -ATPase crystals. These data provide a solid foundation for determining the 3D structure of Ca 2 -ATPase in the calcium-bound conformation.
Results
Previous work (Stokes & Green, 1990a,b; Taylor et al., 1988) showed the space group of these multilamellar Ca 2 -ATPase crystals to be C2, which has a centered lattice within the plane of the lamellae (bilayer) and a 2-fold rotation axis relating molecules above and below this plane (Figure 1 ). Crystal axes a and b lie in the plane separated by 90 ; the 2-fold axis is along b, which constrains the angle a (between b and c) to be 90 . However, the angle b (between a and c) is unconstrained and, in small cylindrical crystals, we previously measured b as either 95 or 98 with corresponding lengths of c equal to 184.7 or 161.0 A Ê , depending on the conditions of crystallization (Cheong et al., 1996) . Given this sensitivity of lamellar stacking to crystallization conditions, our ®rst goal in the current work ( Figure 2 ) was to determine the stacking geometry for the large, thin plate-like crystals. For this analysis, we used the geometrical convention that the a-b (lamellar) plane in an untilted crystal is parallel to the x-y plane and that the electron beam de®nes the z axis (Figure 1b) .
Determination of unit cell parameters from electron diffraction tilt series
The reciprocal lattice is characterized by the three unit cell vectors a*, b* and c*, which can be calculated after determining the 3D coordinates of three or more Fourier re¯ections. For this calculation, these re¯ections cannot be coplanar, so a priori we know that the crystal must be tilted; however, the sampling of Fourier data from thin, 3D crystals along c* is not discrete and must be explicitly taken into account. In particular, diffraction from thick, 3D crystals produces a 3D lattice of discrete re¯ections and diffraction from 2D crystals produces a 2D array of lattice lines with continuous Fourier amplitude (Amos et al., 1982) . Thin, 3D crystals fall in between these extremes and produce lattice lines comprising a series of Bragg re¯ections that are convoluted with sinc functions (Figure 1c ): sin(npx)/npx where n corresponds to the number of unit cells along the c axis and x is the distance from the Bragg re¯ection. As a result, the width of these re¯ections along c* is inversely proportional to the number of unit cells along the c axis (two®ve in our case), ultimately producing a discrete 3D lattice as n becomes large. The considerable width of these re¯ections means that their centroids cannot be accurately determined from a single tilt. We therefore collected tilt series of elec- Figure 2 . Processing scheme for electron diffraction tilt series. Program names are shown in upper case letters and new programs are indicated by an asterisk. The three branches are taken at different points during the analysis. The left-hand branch is initially used to determine the unit cell parameters of the crystal. Based on these parameters, the middle branch produces a merged set of electron diffraction amplitudes, which allow re®nement of c* and b and the ®tting of curves to the data. Based on these curves, the right-hand branch is used iteratively to re®ne various parameters for individual diffraction patterns and to include future data. The ultimate goal is a set of structure factors, F h,k,l , as shown at the lower right.
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2 -ATPase tron diffraction (Figure 3 ), in order to provide suf®-cient sampling along the lattice lines to identify re¯ections and to allow ®tting of a reciprocal lattice.
In particular, 10-12 diffraction patterns were taken of each crystal clustered around three tilt angles: e.g. À25
, 0 , and 25 with maximal tilt angles of $30
. In order to obtain so many patterns from a single crystal, we used very low electron doses, which limited the resolution to 8 A Ê . Knowledge of the tilt angle and tilt axis is required to calculate the 3D location of individual re¯ections and we devised a geometrical analysis for determining these parameters for each diffraction pattern in the series. Initially, we located the tilt axis by identifying invariant diffraction spots while tilting thin, aluminum crystals. However, the tilt axis rotates with small changes in lens currents and the absolute crystal tilt includes a random component due to bending of the copper grid and to lack of carbon ®lm¯atness. Our geometrical analysis therefore re®ned this initial estimate of the tilt axis and ultimately determined the absolute orientation of individual diffraction patterns in our ®xed coordinate system; this analysis depended on the relative angles between successive diffraction patterns, which are accurately provided by the microscope. To start, the tilt series was placed in an arbitrary coordinate system in which the ®rst diffraction pattern, at about À30 , de®ned the x-y plane and an initial value for the tilt axis was used to position the subsequent patterns (Figure 4a ). So assembled, the 2D coordinates of (1,0) and (0,1) re¯ections from each pattern could be converted into 3D vectors. The direction of the c* axis was then de®ned by a line running through all the 3D vectors derived from the (1,0) and (0,1) re¯ections; i.e. the red lines in Figure 4 de®ned as:
where c Ã* is a 3D vector approximating the direction ofc Ã ;ã Ã i andb Ã i are 3D vectors for the (1,0) and (0,1) re¯ections on the ith ®lm. A least squares residual was calculated from the distance between the 3D vectors and c Ã ( Figure 4b ) and used to re®ne orientations of the tilt axis and c Ã . To conform to our geometrical convention (Figure 1b) , the entire tilt series was then rotated until c Ã* was parallel to z, thus producing absolute orientations for each of the individual diffraction patterns in Fourier space (Figure 4c ) and values for the effective tilt angles and tilt axes to be used later during data merging.
Based on these absolute orientations, diffraction amplitudes along all of the lattice lines were plotted as a function of c*. For example, the amplitudes along three lattice lines are shown in Figure 3g . At this point, the values along the abscissa are arbitrary, because the orientation of the (h, k, 0) plane has not been determined. Amplitudes of re¯ections near the tilt axis (circles and triangles in Figure 3a -e) are relatively constant throughout this tilt series, whereas amplitudes of the boxed re¯ection, which is far from the tilt axis, change dramatically and appear to sample two adjacent lattice points along c*. The distance between such peaks suggests that c* has a length of $1/160 A Ê . Figure 5 shows a more complete plot with amplitudes along nine lattice lines measured from all 12 patterns within the tilt series; the indices of these lattice lines were (h, 3), where the value for h is shown along one axis of the plot. The lattice line at h 7 is close to the tilt axis and therefore its amplitude does not change much. In contrast, the lattice lines at h À 1 and h 15 are far from the tilt axis and appear to sample three different re¯ections along c*. The rationale for collecting closely spaced diffraction patterns in three widely spaced groups should now be apparent: (1) the larger angle between groups provides long difference vectors for accurate determination of c Ã*; (2) angles near 0 are required because lattice foreshortening at À25
is the same as at 25 leading to ambiguities in the tilt axis; (3) the small angles within the groups sample the lattice lines at small intervals, which accurately de®ne the location of many peaks.
The positions of the peaks along the lattice lines were then ®t with a 3D reciprocal lattice, thus de®ning the geometry of the 3D unit cell (Figure 5b ). Generally, 80-100 such peaks were de®ned manually for each tilt series and peak positions were determined by ®tting sinc functions to the observed amplitudes. The 3D reciprocal lattice was de®ned by vectors for a*, b* and c*, which were normalized to b* 1/55.7 A Ê as observed in untilted diffraction patterns; angles for a, b and g were unconstrained during the ®t. We found that the 3D unit cells fell into two groups with different values for b (Table 1) . Both groups appear to belong to the C2 space group, because a and g were 90
, and a and b were invariant. These two crystal forms were observed on the same microscope grid and therefore coexisted in the same crystallization solution, although particular crystallization batches favored one crystal form over the other. Comparing these unit cell dimensions with those previously determined for small cylindrical crystals (Cheong et al., 1996) suggests that the unit cell with b 98 is the same as that for small cylindrical crystals grown in 5% glycerol; however, cylindrical crystals grown in 20% glycerol have a much longer c axis and therefore appear distinct.
Low-angle X-ray diffraction
To verify the lamellar spacing by an independent means, we prepared pellets of these crystals and recorded X-ray diffraction at low scattering angles. Due to their anisotropic shape, crystals tended to align with their lamellar plane perpendicular to the long axis of the X-ray capillary. As a result, we were able to distinguish diffraction normal to the ; precise tilt angles are shown at the lower right of each pattern, which came from our geometrical analysis of the tilt series in Figure 4 . The orientation of the tilt axis is shown in a and happens to intersect the (À2,4) re¯ection (circle). Laue zones are visible in all of the patterns, though they are rather close together in d and e. f, 2D representation of the reciprocal lattice, in which re¯ections are broad along c* and discrete in the a*-b* plane (abscissa). Oblique lines represent diffraction planes from tilted crystals and the intersection of these lines with the reciprocal lattice gives rise to the Laue zones (shaded boxes). g, Amplitudes of the three marked re¯ec-tions in a-e plotted as a function of c*. The (À2,4) re¯ection (circle) is on the tilt axis and its amplitude does not change with tilt, whereas the (14,0) re¯ection (box) is far from the tilt axis and appears to sample two peaks along c* over the 7 of tilt shown. The l indices along the abscissa were assigned after ®tting a reciprocal lattice to all the data from the tilt series ( Figure 5 ) and are con®rmed by an analysis of the Laue zones in a-e (see the text). lamellae (i.e. along c*) from that in the a*-b* plane. Figure 6 shows an X-ray diffraction pattern together with integrated intensities from the meridian and the equator. Five orders of a 155.9 A Ê repeat are clearly visible along the meridian, which corresponds to the distance between lamellae. This distance is consistent with a mixture of the two crystal forms, which would have interlamellar distances of 160.0 and 152.1 A Ê (1/csinb) according to our analysis of electron diffraction. Theoretically, these lamellar re¯ections should be split to re¯ect the two different spacings, but the observed peaks are too broad to detect such splitting. Two weaker re¯ections are visible along the equator corresponding to 53.2 and 39.3 A Ê spacing. The 53.2 A Ê spacing matches the (1,1) re¯ection and the 39.3 A Ê re¯ection matches the (3,1) or (4,0) re¯ections as measured by electron microscopy at 52.8 A Ê , 39.4 A Ê and 41.7 A Ê , respectively. The relative weakness of the equatorial diffraction can be explained by the azimuthal disorder of crystals in the pellet, such that only a small fraction of crystals are properly oriented to contribute to these re¯ections.
Analysis of Laue zones
Additional veri®cation of the angle b can be obtained from the presence of Laue zones near the according to the goiniometer). Orientation of other planes are based on an initial estimate of the tilt axis and the relative tilt as read from the goiniometer. The red lines correspond to a vector (c Ã*) ®t to the 3D coordinates of (1,0) and (0,1) re¯ections from individual patterns and are labelled as a* and b*, respectively. b, The tilt axis was re®ned by minimizing the distance between c Ã* and the calculated 3D coordinates of these (1,0) and (0,1) re¯ections. This ®t is shown for two values of the tilt axis (25 apart) and the continuous line obviously ®ts much better to the circles than the dotted line to the squares. c, Based on the best tilt axis, the absolute orientations of the diffraction planes were obtained by rotating the entire tilt series to align c Ã* with the z axis as in Figure 1b. (h, k, 0) projection. Laue zones are bands of re¯ec-tions (e.g. Figure 3a ), where a 2D plane intersects successive layers in the 3D reciprocal lattice. In Figure 3f , the oblique lines correspond to diffraction planes at two discrete tilt angles and the shaded boxes represent the intersection of these planes with a 3D reciprocal lattice, which has been convoluted with sinc functions along c*. The shaded boxes produce the bands of re¯ections and, at higher tilt angles, the zones become closer together and narrower until they eventually produce an apparent continuum of re¯ections. Thus, Laue zones are most prominent near the a*-b* plane (h, k, 0 projection), or possibly near other principal projections. In addition, crystal thickness can be judged by the width of the Laue zones (Shi et al., 1995) , which re¯ects the width of the sinc functions ( Figure 1c ).
These Laue zones are present in all the patterns in Figure 3 , though most clearly visible in Figure 3a and b. Figure 3a appears to be closest to the (h, k, 0) projection and, because the central zone corresponding to l 0 includes the a* axis, it contains re¯ections of the type (h, 0, 0). According to our geometrical analysis of this entire tilt series, the a* axis on this pattern is 18.9 away from the x-y (untilted) plane, which is perfectly consistent with b* 71.8 considering the slight misalignment apparent in this pattern. Furthermore, the (0,4) and (À2,4) re¯ections (circles and triangles, respectively) are very near the tilt axis and can be assigned an index of l 1 for all ®ve patterns. In contrast, the (14,0) re¯ection (square) moves from l 0 in Figure 3a to l 1 in Figure 3c to l 2 in Figure 3e , as indicated along the abscissa in Figure 3g . These assignments were compared with the reciprocal lattice that was independently ®t to peaks from this tilt series (e.g. Figure 5b ) and found to be completely consistent.
Merging and refinement of electron diffraction tilt series
After grouping data from the two crystal forms (b 108 and b 98 ) and determining their respective unit cell parameters, we could proceed with making a 3D data set. In particular, data from each tilt series were positioned in 3D using the absolute orientations deduced for individual patterns (Figure 4b ). We used a modi®ed version of the standard merging program, which accounted for b T 90 and which compensated for the sinc function sampling along c* during scaling. Also, only data within the central peak of the sinc function were used for scaling, which depended on the number of unit cells along c (Figure 1c ). This number ranged from two to ®ve unit cells and was estimated from the shape of peaks along the lattice lines from individual tilt series ( Figure 5 ) and from the residual obtained during this merging. Two lattice lines from crystals with b 108 are shown in Figure 7a and c and the observed amplitudes clearly de®ne peaks spaced at regular intervals Figure 5 . Fitting a reciprocal lattice to data from individual tilt series. After determining the absolute orientations of tilt series (Figure 4) , amplitudes along lattice lines were plotted, peaks were identi®ed and ®t with sinc functions. Nine lattice lines are plotted corresponding to (h, 3), with h shown along the x axis, and peak centroids are marked with a vertical line. Initially, the location of the (h, k, 0) plane is undetermined and, as a result, the coordinate along the c* axis is relative. b, The reciprocal lattice is characterized by the unit cell vectors (ã Ã Yb ÃcÃ ), which are determined by a least squares ®t to the 3D positions of 80-100 peak centroids. The resulting lattice is shown in grey along the x-y plane and each of the peak centroids can be seen to intersect one of its vertices. Thus the l index of each peak is determined as well as the orientation of the (h, k, 0) plane.
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2 -ATPase along c*, which occur at the lattice positions predicted by the results in Table 1 . The length of c* and the angle of b were then re®ned by ®tting these data with a series of Gaussian functions centered at the reciprocal lattice positions along c* and approximating the falloff of a three-unit cell sinc Table 1 . Crystal lattice parameters Values for c and b were re®ned after merging data from all tilt series together (LATTICEREFINE in Figure 2 ). Figure 6 . Low-angle, X-ray diffraction from crystal pellets. Intensity was integrated along 25 arcs centered on the meridian (vertical plot at the left) and equator (horizontal plot along the bottom). The meridional axis shows a set of regularly spaced re¯ections with a spacing of 1/155.9 A Ê , which corresponds to the distance between lamellae. The equator shows weaker re¯ections at spacings of 53.2 and 39.3, which correspond to in-plane diffraction from the (1,1) re¯ection and from the (3,1) and (4,0) re¯ections, respectively. function (see Materials and Methods); Table 1 shows that c* and b changed very little during this re®nement. The ®tted Gaussian functions were then used to re®ne tilt angles, tilt axes, scale and temperature factors for individual patterns, which were then remerged and ®tted with sinc functions, thus producing an obvious improvement in the overall ®t (Figure 7b and d) . R-factors were used to quantify these improvements (Table 2 ) and were calculated both with and without applying Gaussian weights (see Materials and Methods). In general, the Gaussian functions served to emphasize data near the reciprocal lattice positions and to eliminate subsidiary peaks, thus minimizing the in¯uence of variable crystal thickness during merging. a R factor of individual data against the sum of sinc functions. b The weighted R-factor is described in Materials and Methods. c Symmetry-related R-factor was calculated by comparing either individual amplitudes at analogous positions along the lattice lines (data) or by comparing the sinc function coef®cients after ®tting curves to the data (curves).
d After re®ning tilt angle, tilt axis, scale and temperature factor using ANGLEREFINE. Figure 7 . Merged electron diffraction data before and after re®nement. a and c, Fitting sinc functions to electron diffraction intensities along the (4,4) and (13,3) lattice lines, which were merged according to orientational parameters from the geometrical analysis in Figure 4 . The xs correspond to the average intensity of Friedel-related re¯ections and the vertical bar corresponds to the difference between these intensities. b and d, Fitting of sinc functions after re®ning tilt axis, tilt angle, scale and temperature factor for individual patterns (ANGLEREFINE in Figure 2 ). The ®t is clearly improved and is re¯ected in the smaller R-factors in Table 2 .
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Finally, the expected 2-fold symmetry was tested by merging these diffraction data in the P1 space group and then by comparing data from the 2-fold related lattice lines. The symmetry-related R-factors (R sym ) are comparable to the merging R-factors (R curve ), indicating that these data are indeed consistent with the C2 space group (Table 2) .
The (h, k, 0) projection from 3D crystals represents the natural choice for a phase reference for merging phases from images of tilted crystals. Unlike 2D crystallography, in which untilted crystals provide this phase reference, the (h, k, 0) projection comes from 3D crystals tilted at a particular angle about a particular axis, which depends on the geometry of the 3D unit cell. Based on the above analysis of electron diffraction tilt series, either an 8 or 18 tilt (depending on the angle b) about the b axis will provide this principal projection for our monoclinic Ca 2 -ATPase crystals. Unfortunately, a double-tilt holder with cryo-transfer capabilities does not exist and we were therefore forced to search for crystals with their b axes fortuitously aligned with the ®xed tilt axis of the goiniometer, before seeking the appropriate tilt angle (/À 8 or /À18
). Electron diffraction was used for this search and alignment procedure and, in the process, a limited electron diffraction tilt series was obtained before imaging the crystal. The data from these tilt series were used to verify the orientation of the imaged crystal and, by comparison with the re®ned curves (Figure 7) , to be absolutely certain of the angle b. The latter was easy, given that peaks from the two unit cells do not occur in the same locations in reciprocal space. Crystals with b 98
were scarce in the preparations used for this imaging and we were therefore successful in locating the (h, k, 0) projection only from crystals with b 108 . The resulting images were all within a few degrees of the (h, k, 0) projection, but we found the distribution of amplitudes to be exquisitely sensitive to the precise tilt angle and axis. The image closest to the (h, k, 0) projection is compared in Figure 8 with an image inclined $1 relative to (h, k, 0). Precise values for tilt angles and tilt axes were determined by simulating the distribution of amplitudes from the images and then phase origins were determined by comparing only re¯ections close to the (h, k, 0) plane. Averaging phases from 20 images resulted in an overall merging phase residual of $10 and a symmetry-related phase residual of 20 (Table 3) . We then calculated an (h, k, 0) projection map (Figure 9a ) by combining the electron diffraction amplitudes, taken from the ®tted curves, with these averaged phases at 8 A Ê resolution. Although overlap of molecules is inevitable in projection, the (h, k, 0) projection map appears to contain discrete densities, which are probably dimers related by the crystallographic 2-fold axis. Half of each density has been shaded to yield approximate molecular dimensions of 33 A Ê Â 53 A Ê , which are generally consistent with our knowledge of the 3D structure of the molecule from tubular crystals (Toyoshima et al., 1993; Zhang et al., 1998) .
Discussion
Previous electron microscopic studies of thin 3D crystals
Here, we have presented methodology for analyzing thin, 3D crystals by electron crystallography and have successfully applied it to monoclinic crystals of Ca 2 -ATPase. From a theoretical point of view, the methods are highly analogous to those used every day by X-ray crystallographers and involve three steps: (1) determining the orientation of individual diffraction patterns; (2) ®tting a reciprocal lattice to observed re¯ections (i.e. indexing the patterns); and (3) merging individual diffraction patterns into a 3D data set consisting of discrete structure factors at reciprocal lattice positions. Despite this theoretical simplicity and numerous examples of thin, 3D crystals, successful merging of electron diffraction from such crystals has not previously been reported.
Nevertheless, previous electron microscopic analyses of 3D crystals have demonstrated tremendous creativity. Two prominent examples are gp32*I (Grant et al., 1991) and crotoxin (Jeng & Chiu, 1983) ; in both cases, the unit cells consist of several discrete molecular layers and the majority of crystals were discovered to comprise less than a full unit cell. As a consequence, the symmetry of any given crystal depends on its particular thickness (e.g. 1/4, 1/2, 3/4, or one unit cell) and a variety of methods were devised to classify crystals prior to merging data. In the case of crotoxin, this practical hurdle of classi®cation has so far proved insurmountable. In the case of gp32*I, however, a 3D reconstruction was determined from a subclass of negatively stained crystals containing half a unit cell (or 3/2 or 5/2) using standard methods for 2D crystals. The original crystals of light harvesting complex turned out to be stacks of 2D crystals with random translations between the individual 
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layers (Ku È hlbrandt, 1988) . In effect, these were not truly 3D crystals, but a unique analysis was developed to determine the relative shifts between the layers. After compensating for the resulting Moire Â patterns, a projection map was calculated at 7 A Ê resolution. Another novel approach was taken with insect ight muscle (Taylor & Crowther, 1992) , which Figure 9 . Comparison of the (h, k, 0) projection map with that from untilted crystals. a, The averaged (h, k, 0) projection map obtained from this work by combining image phases with amplitudes from merged electron diffraction curves. Distinct densities are observed, which we believe correspond to crystallographic dimers of Ca 2 -ATPase and shading distinguishes the core regions of individual molecules. The projection of the structure from tubular crystals (Zhang et al., 1998 ) is overlaid at the top margin, showing the probable disposition of the molecules in the dimer; differences in density distribution within the projected molecules are likely to represent the conformational change that accompanies calcium binding to Ca 2 -ATPase. b, A previously published projection map from untilted, 3D crystals (Stokes & Green, 1990a) , which has no clear molecular boundaries. Both maps contain two centered unit cells and each unit cell contains four molecules. c, A packing diagram to explain the different density distributions in these two maps. When projected along the c axis, densities from molecules in successive lamellae are superimposed, giving rise to the distinct densities seen in a. Projection from untilted crystals produces a systematic overlap of molecules, which accounts for the more continuous density distribution in the corresponding projection map.
represents a veritable 3D crystal of actin and myosin. Early work had identi®ed two principal projections of these crystals and had calculated 3D maps from tilt series of sectioned material (Taylor et al., 1984) ; these sections had to be accurately cut parallel to the ®lament (i.e. crystal) axes and normal to the principal projections. The novel approach employed slightly oblique sections that progressively revealed different regions of the unit cell and provided a full set of 3D data from a single micrograph, thus avoiding all the problems with aligning data from a tilt series. Sectioning was also used for thick 3D crystals of myosin S1, whose unit cell parameters had previously been determined by X-ray crystallography. A 3D structure was then calculated from six tilt series about two of these crystal axes at 25 A Ê resolution (Winkelmann, 1991) .
Catalase was the ®rst 3D crystal studied by electron microscopy and has become a standard test specimen due to its well de®ned unit cell and well ordered lattice. The molecular packing was the principal issue for many years and was initially determined for the orthorhombic crystal form by simulating the projection of a multilamellar crystal based on that of a single layer (Unwin, 1975) . Packing normal to the lamellar plane was directly observed after sectioning the copper grids on which negatively stained crystals had been adsorbed (Jesior, 1982) . Molecular packing of the trigonal crystal form was later deduced from (h, k, 0) and (0, k l) projections obtained by sectioning these thicker crystals (Akey et al., 1984) . These samples were unsuitable for 3D reconstruction, due to differential shrinkage during specimen preparation and imaging. Ultimately, the atomic structures of catalase and myosin S1 were determined by X-ray crystallography, making further efforts by electron microscopy unnecessary, but catalase is still being used as a test specimen to develop electron crystallographic methods analogous to those presented here (Schroeder et al., personal communication) .
Generally speaking, the eccentricities of each 3D crystal form have precluded a uni®ed strategy for electron crystallography; nevertheless, there are numerous, more tractable crystals with ordered stacking and uncleavable unit cells that could bene®t from a systematic approach to structure determination. A few recent examples are È29 phage connector (Valpuesta et al., 1994) , DNA plate crystals (Downing, 1984) , cytochrome b 6 f (Mosser et al., 1997) and Na /K -ATPase (Taylor & Varga, 1994) . Most of these crystals have been shown to diffract to high resolution, presumably helped by the added constraints of a 3D unit cell and the increased number of molecules in the crystals. However, the analyses to date have all ended with projection maps of untilted crystals. We believe that our methodology should be generally applicable to thin, 3D crystals and thus represents a valuable supplement to existing methods for structure determination by electron microscopy.
Data collection and analysis strategy
It is informative to compare our method with established methods used by X-ray crystallographers and by electron microscopists studying either 2D protein crystals or thin, 3D crystals of inorganic materials. All crystallographic methods share a common theoretical background, but must accommodate a variety of practical constraints associated with particular crystal morphologies and radiation sources. Thin, 3D crystals used by material scientists are morphologically most similar to our crystals, but the radiation insensitivity of their specimens allows material scientists to hunt for the principal zones of their crystal using double-tilt holders. Also, the simplicity of the molecules often allows structure modeling based on a limited set of Fourier data (e.g. diffraction intensities only). Furthermore, the much smaller unit cell sizes mean that there are numerous unit cells even in very thin crystals, thus producing well-de®ned re¯ections along all three crystal axes.
X-ray crystallographers bene®t from larger crystals which contain many more molecules, thus producing sharp re¯ections and withstanding relatively large doses of radiation; as a result, oscillation photography can be employed about selected axes to record intensities of the Fourier components. Although modern, motorized electron microscope stages might be programmed to act as an oscillation camera, the high rate of radiation damage by electrons would severely limit the range of oscillation data one could record from an individual crystal; furthermore, the axis of oscillation cannot be controlled with available, ®xed-axis goiniometers. Nevertheless, each of our tilt series represents a set of``stills'' at de®ned intervals and it may be possible to adapt autoindexing programs for determination of unit cell parameters by X-ray crystallography (Otwinowski & Minor, 1997) , though some modi®cation might be necessary for the severe anisotropy in the shape of our re¯ections.
Electron microscopists have been highly successful in structure determination from 2D crystals due to extensive efforts in developing the necessary methodologies (Baldwin & Henderson, 1984; Downing, 1991; Henderson et al., 1986) . 2D crystal symmetry is constrained to a small number of plane groups and out-of-plane diffraction always consists of a set of lattice lines running normal to the crystal plane; thus, there has been no need to consider unit cell parameters normal to the crystal plane. Amplitudes vary relatively slowly along these lines, and the orientation of tilted crystals can therefore be determined with suf®cient accuracy from the foreshortening of the reciprocal lattice (Shaw & Hills, 1981) . Thin, 3D crystals could, in principle, be analyzed by these same methods, but very dense sampling of lattice lines would be required to follow the more rapidly changing amplitudes; also, only a subset of crystals with a speci®ed thickness (i.e. number of unit cells) could 3D Crystals of Ca 2 -ATPase be included. To avoid this labor-intensive approach, which relies on accurate determination of crystal thickness, we have concentrated only on intensities near the reciprocal lattice positions and ultimately will compensate for the different numbers of layers composing individual crystals. Thus, like X-ray crystallographers, our 3D data set consists of discrete structure factors (F h,k,l ) at reciprocal lattice positions, rather than continuous Fourier data along lattice lines.
Crystal thickness
In previous studies of thin, 3D crystals, both by ourselves (Shi et al., 1995) and by others (Leapman et al., 1993; Rez et al., 1992) , much effort has been made to account for the thickness of crystals. This is because the sampling of Fourier data along c* is very much dependent on this thickness, especially with a small number of unit cells along this axis. Here, however, we have con®ned ourselves to the thinnest crystals, which contain $2-5 unit cells, but have not explicitly accounted for variability during data merging. Rather, a weighting scheme was used during merging of diffraction data that emphasized the ®t near the reciprocal lattice positions and de-emphasized the ®t in between these positions. If scaled appropriately, amplitudes at the reciprocal lattice positions are independent of thickness, even though the distribution of amplitudes between lattice positions varies. Thus, we have built imprecision into the shape of the ®tted curves, while focussing on the coef®cient that re¯ects the amplitude at the reciprocal lattice position: i.e. jF h,k,l j. The curves used for the re®ne-ments (Figure 7 ) correspond to three unit cells, but future re®nement will include crystal thickness, together with tilt angle, tilt axis, scale and temperature factors, as a ®tting parameter. It seems reasonable to allow non-integral numbers of unit cells to accommodate disorder either in stacking or on crystal surfaces; such an empirical use of crystal thickness to merge data would be analogous to the widespread use of temperature factor to account for a variety of different kinds of disorder.
Similarly, we anticipate that crystal thickness will not pose major dif®culties during the merging of image phases into a 3D data set. The phase origin normal to the crystal plane is not explicitly speci®ed during the merging of phase data from single-layered, 2D crystals yet this phase origin inevitably ends up in the middle of the reconstructed unit cell (i.e. at z 0). During merging, a phase shift ( ±ÁÈ a , ÁÈ b ) is applied to each re¯ec-tion (h, k) as hÁÈ a kÁÈ b . If the image is tilted, the re¯ection (h, k) also has a component of z* (or c*) and the phase shift therefore includes a corresponding component ÁÈ z , which ultimately constrains the phase origin at z 0. For multilamellar crystals, the middle of three unit cells (z 0) differs from the middle of four unit cells (z c/2) by half a unit cell and we envision two possible strategies to combine data from even and odd numbers of unit cells. The simplest is to search over a wider range of phase shifts, to obtain a suf®ciently large z* component. However, it may prove more practical to explicitly apply a phase shift of p to re¯ections with odd l, which will effectively shift the phase origin by half a unit cell along c. Comparison of phase residuals with and without this additional phase shift could actually be used to distinguish crystals with even and odd numbers of unit cells, much as inversion of axes is currently used to distinguish crystals that are upside down.
Our current resolution is limited to 8 A Ê primarily due to the low electron dose required to record 10-12 electron diffraction patterns from an individual crystal. Now that we have accurate unit cell parameters and a set of reference curves, we can increase the dose and can record fewer diffraction patterns at higher resolution. However, increased crystal thickness means that several additional factors need to be considered when incorporating the higher resolution data. Based on the distribution of diffraction amplitudes from tilt series and on the width of Laue zones, our crystals appear to comprise between two and ®ve unit cells, which corresponds to a thickness between 300 and 750 A Ê . Both multiple and inelastic scattering increase with specimen thickness and could potentially have adverse effects on our data. However, recent studies of electron energy loss have determined a mean free path for inelastic scattering in ice of 2000 A Ê at 120 kV (Grimm et al., 1996) ; the mean free path for elastic scattering is two to three times longer than for inelastic scattering (Angert et al., 1996) and the use of 200 kV will increase this ®gure by a factor of 1.3. Thus, our thin, 3D crystals suffer from an increased background from inelastic scattering, which reduces the signal-to-noise ratio predominantly at low resolution, but should not generate signi®cant amounts of multiple elastic scattering. Perhaps more serious is the increased range of defocus in images. For a 500-A Ê thick crystal with a mean defocus of 5000 A Ê at 200 kV, the contrast transfer function from the top of the crystal will become completely out-of-phase with that from the bottom at $3.6 A Ê resolution, and the signal at 5 A Ê resolution would be reduced by a factor of 0.7. Another way to consider this problem is through the curvature of the Ewald sphere; the difference between two Friedel-related rays is accentuated in a thick structure due to the more rapid variation of structure factors along c*. To cope with this problem, electron diffraction amplitudes, jF h,k j and jF Àh, À k j could be treated independently and assigned to their proper respective locations along the lattice lines. In the case of images, a large tilt angle causes re¯ections to split, re¯ecting the slightly different scattering angle for the Friedel-related rays. Normally, application of the tilted contrast transfer function (TTF; Henderson et al., 1986) recombines these rays, but they could also be handled independently as long as the signal-to-noise ratio was not limiting.
A higher accelerating voltage (e.g. 300 kV) would ameliorate all of these thickness-related problems.
(h, k, 0) projection By taking into account the angle b, we have been able to obtain images that correspond to the (h, k, 0) projection. Previous publications used negatively stained, small cylindrical crystals to estimate that b was close to 90 and assumed that projections of untilted crystals were close to the (h, k, 0) projection (Stokes & Green, 1990a,b) ; we can now say that the previous maps do not in fact correspond to this principal projection. Although the presence of cm symmetry was offered in support of the (h, k, 0) projection, cm symmetry is actually obtained whenever the tilt axis is aligned with the b* axis, because F h,k,l F Àh,k, À l in the C2 space group; fortuitously, untilted crystals have this symmetry regardless of b because b* always lies in the untilted plane (x-y or a-b plane in Figure 1b ). Of course, not every crystal was perfectly untilted, but the presence of cmm symmetry in diffraction amplitudes and cm symmetry in phases were the primary criteria for including images in previous projection maps, which speci®cally selected crystals with b* in the x-y plane. Some of these crystals may have been tilted about their b axis, but would have been discarded due to their high phase residuals during merging. Thus, previously published maps almost certainly correspond to the projection of untilted Ca 2 -ATPase crystals, but not to the (h, k, 0) projection.
A comparison of the current (h, k, 0) projection map and a previous untilted projection map is shown in Figure 9 . The (h, k, 0) projection map shows isolated densities that plausibly correspond to dimers of Ca 2 -ATPase, whereas the previous map contains density that is continuous along both a and b axes. The molecular packing diagram in Figure 9c shows how these different patterns of density arise: projection along the c axis tends to separate molecules above the bilayer from those underneath, whereas projection normal to the bilayer produces a systematic overlap of densities. In fact, the particular arrangement of molecules in the diagram is consistent with previous images of negatively stained crystals (Stokes & Green, 1990b) , of freeze-dried, shadowed crystals and of the (h, 0, l) projection from frozen-hydrated cylindrical crystals (Cheong et al., 1996; Ogawa et al., 1998) , all of which suggest that the cytoplasmic`n ose'' points along the a axis. The (h, 0, l) projection map also reveals the relative positions of molecules above and below the bilayer, which, prior to the a axis inversion applied by Cheong et al. (Figure 3b of Cheong et al., 1996) , is consistent with Figure 9c . The unit cell dimensions of cylindrical crystals grown in 5% glycerol indicate that they are probably isomorphic to our crystal type II, with b 98 (Table 1) , whereas our (h, k, 0) projection map is from the more dominant crystal type I with b 108 . However, the angle b is the only difference between these crystal types and molecular packing within the lamellae appears to be preserved in all multilamellar crystal forms studied so far.
Thus, the strong densities in the (h, k, 0) projection map most likely correspond to the core of individual Ca 2 -ATPase molecules, which runs from the cytoplasmic to the lumenal ends of the molecule and which would include contributions from the cytoplasmic, stalk, transmembrane, and lumenal domains. The overlapping densities within the dimer most likely correspond to the nose of Ca 2 -ATPase, which is hypothesized to undergo major conformational changes upon binding calcium (Ogawa et al., 1998) . These features are illustrated at the top of Figure 9a , where the projection of the 8A Ê structure from tubular crystals (Zhang et al., 1998) has been superimposed on each member of the crystallographic dimer. The projections have an innately different appearance due to the character of the data used for reconstruction, namely a resolution-dependent fade-out of Fourier power in the image data used for the previous helical reconstruction which is not present in the electron diffraction amplitudes used in the current study. Nevertheless, this comparison illustrates that the dimensions and basic molecular shape are preserved, but that the detailed distribution of density within the molecule is somewhat different. Such differences are expected when comparing structures from these two crystal forms, given that they represent enzymatic states before and after binding calcium at transport sites (Stokes & Lacapere, 1994) . The conformational change that accompanies this calcium binding is thought to involve a redistribution of density within the cytoplasmic domain. In particular, the strong arc of density at the outer margins of the dimer probably re¯ects the inclination of the stalk away from the nose, which has been suggested both by projection maps from cylindrical crystals of Ca 2 -ATPase (Cheong et al., 1996; Ogawa et al., 1998) and by comparison of 3D structures for Ca 2 -ATPase and H -ATPase (D.L.S., Zhang, Auer & Ku È hlbrandt, unpublished observations). This rearrangement of the cytoplasmic domain provides a physical mechanism by which the cytoplasmic, ATP-binding site is activated in response to cation binding within the membrane domain and is likely to be central to the mechanism of energy coupling for the whole family of P-type ion pumps. Using our (h, k, 0) phase data as a reference, we are currently merging phase data from tilted crystals and, using our reference curves of electron diffraction, we are incorporating diffraction amplitudes at higher tilt angles and higher resolution. These additional data should provide a proper 3D structure from these thin, 3D crystals of Ca 2 -ATPase and thus reveal the details of this critical conformational change in three dimensions.
3D Crystals of Ca 2 -ATPase

Materials and Methods
Crystallization
Sarcoplasmic reticulum was prepared from the white muscle of rabbit hind leg (Eletr & Inesi, 1972) and puri®ed by Reactive Red af®nity chromatography as previously described (Stokes & Green, 1990b) . Crystallization was carried out by dialysis of the eluant against 100 mM KCl, 20 mM Mes (pH 6.0), 10 mM CaCl 2 , 3 mM MgCl 2 , 20% (v/v) glycerol, 0.1 mg/ml C 12 E 8 , 5 mM DTT. During crystallization, the temperature was varied between 4 and 25 C, usually initiating nucleation for two to three days at the higher temperature and then switching to the lower temperature for several weeks. Alternatively, crystals were nucleated at low temperature, brought to the higher temperature for $seven days and then returned to the lower temperature, or simply left at low temperature for their entire nucleation and growth period. These different temperature regimens were designed to produce the largest, thinnest, most uniform crystals possible (Shi et al., 1995) .
Electron microscopy and image analysis
Frozen-hydrated crystals were prepared for electron microscopy ®rst by gently centrifuging crystals (1000 rpm), by removing the supernatant and by resuspending in a glycerol-free solution containing 100 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 20 mM Mes (pH 6.0). An optimal crystal concentration was determined by examining air-dried samples in the electron microscope. Then, 5 ml was put on a perforated carbon ®lm that had been treated by glow discharge in amyl amine vapor and, after blotting excess solution from the opposite side of the carbon ®lm, the samples were plunged into an ethane slush and stored in liquid N 2 .
Samples were examined in a Philips CM200 FEG electron microscope (Philips Electronic Instruments, Eindhoven NL) either with Gatan 626DH (Gatan Corp, Pleasanton, CA) or Oxford CT3500 (Oxford Instruments, Oxford, UK) cryoholders. Low dose conditions were used to collect both electron diffraction patterns and images and the actual dose was determined with a Gatan 794 slow-scan CCD camera, which had been calibrated by ®lm density and by a picoammeter to respond with 24 counts for each electron. Electron diffraction patterns were recorded on this CCD camera at a camera length of 1.9 m and a dose of $0.1 electrons/A Ê 2 . Generally, a 25-100 mm 2 area on the crystal was illuminated and a tilt series was recorded consisting of 10-12 tilt angles ranging from À30 to 30 . Initially, we recorded such tilt series on ®lm and digitized the ®lms with a microdensitometer, but the inef®ciency of such a process and inaccuracy in ®lm orientation during digitization made the CCD camera indispensable.
A¯ow chart summarizing the individual steps in our analysis of electron diffraction patterns is shown in Figure 2 . Each individual diffraction pattern was ®rst processed with standard MRC programs (Baldwin & Henderson, 1984) to subtract background (BACKAUTO), to re®ne lattice parameters and to integrate spot intensities (PICKAUTO); we found the CCD to respond linearly to electrons up to 14,000 counts and modi®ed the doseresponse curve for PICKAUTO accordingly. We developed our own program (CSTARFIT) for determining crystal orientation based on lattice parameters from the tilt series; values from lattice foreshortening (Shaw & Hills, 1981) were not accurate enough, especially at low tilt angles. As described in Results, peaks along the c* axis were identi®ed in these individual merged data sets and their centroid positions were used for least-squares determination of a reciprocal lattice (LATTICEFIT). Thus, each tilt series provided an independent estimate of unit cell parameters. Based on orientations from CSTARFIT and on the average lattice parameters, a slightly modi®ed version of the program MERGEDIFF was used to merge data from all the tilt series (MERGE-DIFF3D). This merged data set was used to re®ne the length of the c* axis (LATTICEREFINE) and then curves were ®t to these data, using the MRC program SYNCFIT that had been modi®ed to ®t non-overlapping sinc functions at reciprocal lattice positions instead of the overlapping sinc functions used for 2D crystals (SYNCFIT3D). In order to re®ne tilt angles, tilt axes, scale and temperature factors of individual diffraction patterns, a new program (ANGLEREFINE) ®t the data with a sum of Gaussian functions:
where n is the number of unit cells (assumed to be three at this stage), z o* i is the coordinate of the ith Bragg re¯ec-tion with intensity I i and jc*j is the length of the reciprocal lattice vector. Each Gaussian term mimicked the central peak of a sinc function for n unit cells (see Figure 1c) , thus eliminating subsidiary peaks from the re®nement and emphasizing data near the reciprocal lattice positions. Finally, data was merged again, curves were re®tted with sinc functions, and an R-factor was calculated with and without applying a Gaussian weight: is the ith observed intensity, I curve is the corresponding intensity from the curve at the reciprocal coordinate z* i (calculated from the tilt angle and tilt axis), A is the scale factor, B is the temperature factor, D is the distance from the reciprocal space origin, w i is a Gaussian weight:
jc Ã j 2 as described above. In addition to merging data with C2 symmetry, P1 symmetry was used to verify the 2-fold symmetry expected in this diffraction data. In order to record images of the (h, k, 0) projection, electron diffraction was used to identify suitable crystals and the appropriate tilt angles. Speci®cally, diffraction was recorded from untilted crystals to determine their orientation. For those with their b axis within 10 of the physical tilt axis of the goiniometer, further diffraction patterns were recorded at À18, À8, 8 and 18 and the angle nearest the (h, k, 0) projection was identi®ed by the presence of Laue zones. Several more closely spaced patterns were then recorded to get as close as possible to the (h, k, 0) projection and to provide a tilt series of diffraction data, which was later used to verify the crystal form and orientation (see Results). The total accumulated dose was <1 electron/A Ê 2 . Several¯ood-beam images were then recorded at different positions along the crystal, either on the CCD or on ®lm at 68,000Â magni®-cation with a dose of $10 electrons/A Ê 2 . Suitable areas on ®lms were identi®ed by optical diffraction and 2048 Â 2048 pixel areas were digitized at 13 mm intervals with a PDS 1010GM densitometer (Orbital Sciences, Pomona, CA). Standard MRC programs were used to correct crystal distortions, to extract phases from the images and to correct for the contrast transfer function (Henderson et al., 1986) . Although the best images were close enough to the (h, k, 0) projection that no Laue zones were visible, the tilt axis and angle were estimated from asymmetry in the distribution of strong re¯ections. The standard MRC phase origin re®nement and merging program (ORIGTILT) was modi®ed slightly for these multilamellar crystals. Similar to MERGDIFF3D, only data within the central sinc function peak at each Bragg re¯ection were considered, which required an estimate of the number of unit cells composing the crystal (Figure 1c) . Average phases for the (h, k, 0) projection were determined by a weighted addition of phases for re¯ections with c* <0.001 A Ê À1 ; i.e. within the peak for the (h, k, 0) re¯ection. As for analysis of 2D crystals, this weight depended on the signal-to-noise ratio (IQ) of a given re¯ection (Henderson et al., 1986) . Amplitudes from the sinc function coef®cients of the merged electron diffraction curves were combined with these averaged phases to produce the (h, k, 0) projection map.
Low-angle X-ray diffraction
Crystal pellets were prepared for low-angle X-ray diffraction by allowing 100 mg of crystallized protein to naturally sediment in their mother liquor within 1 mm glass, X-ray capillaries. After removing excess solution, capillaries were sealed with wax, were mounted on a goiniometer and were kept at 4 C. X-ray diffraction was recorded on ®lm with CuK a X-rays generated from a Rigaku RU-2000 (Rigaku USA, Danvers, MA) rotating anode selected with a graphite monochromator and a 0.4 mm collimator at a camera length of $480 mm. Helium-®lled beam tunnels were used to reduce background scattering and exposure times were 12-24 hours. Films were digitized with a PDS 1010GM microdensitometer at 50 mm intervals and positions of re¯ections were measured after integration of patterns along 25 arcs centered on either the meridian or the equator.
